Mounting evidences indicate that circular RNAs (circRNAs) have a vital role in human diseases, especially cancers. More recently, circHIPK3, a particularly abundant circRNA, was proposed to be involved in tumorigenesis. However, its role in colorectal cancer (CRC) has not been explored. In this study, we found circHIPK3 was significantly upregulated in CRC tissues and cell lines, at least in part, due to c-Myb overexpression and positively correlated with metastasis and advanced clinical stage. Moreover, Cox multivariate survival analysis showed that high-level expression of circHIPK3 was an independent prognostic factor of poor overall survival (OS) in CRC (hazard ratio [HR] = 2.75, 95% confidence interval [CI] 1.74-6.51, p = 0.009). Functionally, knockdown of circHIPK3 markedly inhibited CRC cells proliferation, migration, invasion, and induced apoptosis in vitro and suppressed CRC growth and metastasis in vivo. Mechanistically, by using biotinylated-circHIPK3 probe to perform RNA pull-down assay in CRC cells, we identified miR-7 was the only one microRNA that was abundantly pulled down by circHIPK3 in both HCT116 and HT29 cells and these interactions were also confirmed by biotinylated miR-7 pull-down and dual-luciferase reporter assays. Overexpression of miR-7 mimicked the effect of circHIPK3 knockdown on CRC cells proliferation, migration, invasion, and apoptosis. Furthermore, ectopic expression of circHIPK3 effectively reversed miR-7-induced attenuation of malignant phenotypes of CRC cells by increasing the expression levels of miR-7 targeting proto-oncogenes (FAK, IGF1R, EGFR, YY1). Remarkably, the combination of circHIPK3 silencing and miR-7 overexpression gave a better effect on tumor suppression both in vitro and in vivo than did circHIPK3 knockdown or miR-7 overexpression alone. Taken together, our data indicate that circHIPK3 may have considerable potential as a prognostic biomarker in CRC, and support the notion that therapeutic targeting of the c-Myb/circHIPK3/miR-7 axis may be a promising treatment approach for CRC patients.
Introduction
Colorectal cancer (CRC) is the third most common malignant disease and the fourth most frequent cause of cancer-related death worldwide 1 . Despite many advances in the diagnosis and therapeutic improvements of this disease, the prognosis of CRC patients remains poor, owing to the late stage at initial diagnosis and high frequency of metastasis and recurrence 2 . Hence, the discovery of new potential biomarkers for prognosis predication and deeper elucidation of the exact molecular mechanisms underlying CRC malignancy may provide improved treatments of CRC patients. Circular RNAs (circRNA) are highly conserved and stable covalently closed RNA transcripts generated by back-splicing of a single pre-mRNA with gene-regulatory potential 3, 4 . Emerging evidences show that circRNAs possess closely related to human diseases, especially cancers, and may act as better biomarkers due to their abundance and stability 5, 6 . Recently, circHIPK3, a particularly abundant circRNA 7, 8 , have been verified to be involved in metabolic dysregulation 9 and tumorigenesis 10 .
Zheng et al. 10 showed circHIPK3 was significantly upregulated in liver cancer and promoted cell proliferation, implying that circHIPK3 might be an oncogene. On the contrary, a more recent study found circHIPK3 served as a tumor suppressor to inhibit bladder cancer growth and metastasis 11 . Whether or not circHIPK3 as a suppressor gene or an oncogene still remains under debate.
MicroRNAs (miRNAs), an evolutionarily conserved group of small regulatory noncoding RNAs, have been confirmed to be involved in various biological functions 12 .
Considerable studies reported that circRNAs as "miRNA sponges" to regulate gene expressions [13] [14] [15] [16] [17] . The most well-known circRNA is CDR1as, which harbors more than 70 selectively conserved miR-7 target sites 15, 18 . However, the regulatory roles of circRNAs act as "miRNA sponges" in CRC are still largely unknown.
In this study, we identified that circHIPK3 was an oncogene, which was upregulated in CRC and increased circHIPK3 predicted poor prognosis. Furthermore, circHIPK3 could sponge endogenous miR-7 to sequester and inhibit miR-7 activity, thereby leading to increased FAK, IGF1R, EGFR, and YY1 expression. Our findings reveal a novel mechanism underlying circHIPK3 in CRC progression.
Results
CircHIPK3 is significantly upregulated in CRC and increased circHIPK3 expression predicts poor prognosis CircHIPK3 (hsa_circ_0000284) is derived from the HIPK3 gene Exon2, whose spliced mature sequence length is 1099 bp. The result of Sanger sequencing confirmed the head-to-tail splicing in the RT-PCR product of circHIPK3 (Fig. 1a) . We then evaluated the stability and localization of circHIPK3. Following Actinomycin D (an inhibitor of transcription) treatment, the half-life of circHIPK3 exceeded 24 h, while that of linear HIPK3 exhibited only about 3.8 h, indicating that circHIPK3 is highly stable (Fig. 1b) . Resistance to digestion by RNase R further confirmed that circHIPK3 harbors a loop structure (Fig. 1c) . Fluorescence in situ hybridization (FISH) assay showed that circHIPK3 predominately localized in the cytoplasm (Fig. 1d) .
Next, we investigated the expression level of circHIPK3 in CRC cell lines and tissues. CircHIPK3 is significantly upregulated in CRC cell lines (HCT116, HT29, SW480, SW620, DLD1) compared with normal colon mucosal epithelial cell (FHC) (Fig. 1e) . The similar results were also observed in CRC compared with matched normal tissues (Fig. 1f) . Statistical analyses showed that increased expression of circHIPK3 was significantly associated with T status of tumor (p = 0.028), lymph node metastasis (p = 0.023), distant metastasis (p = 0.006), and advanced clinical stage (p = 0.004) (Table 1) . Moreover, CRC patients with high expression of circHIPK3 had significantly shorter overall survival than those with the low expression of circHIPK3 by the analysis of Kaplan-Meier survival curve (p < 0.001) (Fig. 1g) . Further Cox multivariate survival analysis revealed that high circHIPK3 expression was an independent prognostic factors for poor survival of CRC patients (hazard ratio [HR] = 2.75, 95% confidence interval [CI] 1.74-6.51, p = 0.009) ( Table 2 ). These results suggest that circHIPK3 upregulation as an early event in CRC development and have a vital role in CRC progression.
The transcription factor c-Myb is an upstream regulator of circHIPK3 expression
Previous studies showed the enrichment for circHIPK3 transcribed by c-Myb in diabetes mellitus 9, 19 . Thus, we wonder whether c-Myb can also regulate the expression of circHIPK3 in CRC. We found c-Myb was significantly overexpressed in CRC cell lines (Fig. 2a) and tissues (TCGA database) (Fig. 2b) , which is consistent with previous research 20 . Then, HCT116 and HT29 cell lines were transfected with c-Myb siRNA, NC siRNA, Vector, and c-Myb, respectively. qRT-PCR results demonstrated that silencing of c-Myb decreased, but overexpression of c-Myb increased, the expression of circHIPK3 in both HCT116 and HT29 cell lines (Fig. 2c) . Luciferase reporter assay showed that c-Myb overexpression noticeably enhanced the luciferase activity of the vector containing c-myb site within circHIPK3 promoter, whereas the luciferase activity of the vector with mutant c-Myb binding site was not affected (Fig. 2d) . Moreover, ChIP assay also showed the amount of immunoprecipitated DNA from the circHIPK3 promoter was increased upon overexpression of c-Myb (Fig. 2e, f) . Altogether, the above results indicate that c-Myb elevates the expression of circHIPK3 by directly binding to its promoter region.
Silencing of circHIPK3 inhibits CRC cells proliferation, migration, invasion, and induces apoptosis in vitro
In an attempt to investigate the biological functions of circHIPK3 in CRC, we designed three small interfering RNAs (siRNAs) targeting the junction sites of circHIPK3 to silence circHIPK3 expression in HCT116 and HT29 cell lines. These siRNAs obviously decreased circHIPK3 expression level, but had no effect on its liner isoform (Fig. 3a) . And we chose si-circHIPK3#1 for the subsequent experiment due to the highest inhibitory efficiency. The colony formation assay showed that circHIPK3 knockdown significantly suppressed colonyforming ability of HCT116 and HT29 cell lines (Fig. 3b) . Cell proliferation was measured by the CCK8 (Fig. 3c ) and EdU assay (Fig. 3d) , and silencing of circHIPK3 significantly inhibited cell proliferation in these two cell lines. In addition, more apoptotic cells are presented in si-circHIPK3 group as compared with si-NC group in HCT116 and HT29 cell lines, respectively (Fig. 3e) . Moreover, transwell invasion assay without or with matrigel demonstrated that circHIPK3 silencing markedly impeded HCT116 and HT29 cells migration (Fig. 3f) and invasion (Fig. 3g ) by 46% and 51%, respectively. These data collectively indicate that silencing of circHIPK3 can retard the progression of CRC cells. Fig. 1 CircHIPK3 is frequently upregulated in CRC and predicts poor prognosis. a The genomic loci of the HIPK3 gene and circHIPK3. Red arrow the back-splicing of HIPK3 exon2 confirmed by Sanger sequencing. b The abundance of circHIPK3 and HIPK3 mRNA was, respectively, assessed by qRT-PCR in HCT116 cell treated with Actinomycin D at the indicated time points. c qRT-PCR analysis of circHIPK3 and HIPK3 mRNA after treatment with RNase R in HCT116 cell. d Fluorescence in situ hybridization assay was conducted to determine the subcellular localization of circHIPK3. e, f qRT-PCR for the expression of circHIPK3 in CRC cell lines and tissues. g CRC patients with high circHIPK3 expression (n = 89) had lower overall survival rates than patients with low circHIPK3 expression (n = 89) did (p < 0.001). Data were represented as means ± S.D. of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
CircHIPK3 can sponge miR-7 in CRC cell lines
To explore whether circHIPK3 can function as "miRNA sponge" in CRC cells, we selected the top ten (miR-599, miR-93-3p, miR-365a-5p, miR-365b-5p, miR-421, miR-570-3p, miR-597-5p, miR-7, miR-1207-3p, miR-124-5p) candidate miRNAs through CircNet database 21 . A 3′ terminal-biotinylated-circHIPK3 probe was designed to determine which miRNAs potentially interact with circHIPK3. The probe was verified to pull-down circHIPK3 in CRC cells and circHIPK3 overexpression increased the pull-down efficiency (Fig. 4a) . qRT-PCR analyses revealed that miR-7 was the only one miRNA that was abundantly pulled down by circHIPK3 probe in both HCT116 and HT29 cells (Fig. 4b and c) . To further consolidate the direct binding of miR-7 and circHIPK3, we utilized biotin-labeled miR-7 and its mutant mimics to pull-down circHIPK3 in HCT116 and HT29 cells with circHIPK3 overexpression, the results showed wild-type miR-7 captured more circHIPK3 compared with the mutant (Fig. 4d) . Next, we carried out luciferase reporter assays and demonstrated that overexpression of miR-7 significantly decreased the luciferase activity of the vector containing the complete circHIPK3 sequence, but did not affect the luciferase activity of the vector with mutant miR-7-binding site in HCT116 and HT29 cells (Fig. 4e) . Furthermore, we applied FISH to assess whether there is a co-location between circHIPK3 and miR-7, the result showed that circHIPK3 and miR-7 were co-localized in cytoplasm (Fig. 4f) .
We then evaluated the expression of miR-7 in CRC tissues, qRT-PCR result showed miR-7 was significantly downregulated with the increasing of clinical stages (Fig. 4g ). And overexpression of circHIPK3 decreased, but silencing of circHIPK3 increased, the expression of miR-7 in HCT116 and HT29 cell lines (Fig. 4h) . Moreover, circHIPK3 expression was negatively correlated with the expression of miR-7 in CRC tissues (r = −0.453, p < 0.001) (Fig. 4i) . Taken together, these data demonstrate that circHIPK3 acts as a miRNA sponge for miR-7 in CRC.
Overexpression of circHIPK3 effectively reverses miR-7-induced inhibition of CRC cells progression
MiR-7, a well-known tumor suppressor, was involved in many human tumors development and progression [22] [23] [24] [25] , including CRC 26 . Our data also showed that overexpression of miR-7 significantly suppressed CRC cells proliferation, migration, invasion and induced apoptosis ( Fig. 5a -e) resembling that of circHIPK3 silencing (Supplementary Fig. 1a-c) . We then investigated whether circHIPK3 exerted tumor-promoting effect by sponge activity of miR-7, HCT116, and HT29 cells were cotransfected with miR-7 mimics and circHIPK3 expression vectors. The colony formation assay showed that CRC cells co-transfected with circHIPK3 plasmids and miR-7 mimics exhibited more cloned cells compared with the cells transfected with miR-7 mimics alone (Fig. 5a ). EdU incorporation assay indicated ectopically overexpressed miR-7 together with circHIPK3 promoted CRC cells proliferation compared with miR-7 overexpression alone (Fig. 5b) . Furthermore, less apoptotic cells were showed in miR7 + circHIPK3 group as compared with miR7 group Fig. 1a -c).
Accumulating evidence indicated that miR-7 could simultaneously target various oncogenes involved in diverse signaling pathways in different human tumors 27 . We then wonder whether circHIPK3 exert pro-tumor role by elevating the expression of miR-7 targeting oncogenes. A panel of growth and metastasis-related miR-7 targets was chosen for qRT-PCR analysis. The results showed that circHIPK3 status affected the expression of FAK, IGF1R, EGFR, and YY1, but not that of PAX6, XRCC2, and RAF1. Ectopic expression of circHIPK3 increased, but knockdown of circHIPK3 decreased, the expression levels of FAK, IGF1R, EGFR, and YY1 (Fig. 5f) . Moreover, the expression of FAK, IGF1R, EGFR, and YY1 was markedly increased in CRC cells (HCT116 and HT29) co-transfected with miR-7 mimics and circHIPK3 vectors compared with the cells transfected with miR-7 mimics alone (Fig. 5g) . These above results implicate that overexpression of circHIPK3 effectively reverses miR-7-induced attenuation of aggressive phenotypes of CRC cells by sponging miR-7 and subsequent promotion of FAK, IGF1R, EGFR, and YY1 expression.
Silencing of circHIPK3 combined with overexpression of miR-7 exhibits an additive inhibitory effect on CRC growth and metastasis in xenograft animal models
To further assess whether circHIPK3 exerts tumorpromoting effect in vivo, we established the xenograft mouse models by subcutaneously injecting equal amount of HCT116 cells (n = 8 for each group). After~10 days, when the volume of the tumor reached about 100 mm 3 , si-circHIPK3 alone, agomir-7 alone or both were injected intratumorally every two days for two weeks. As shown in Fig. 6a , intratumorally injection of agomir-7 or sicircHIPK3 markedly reduced tumor volume and weight, respectively. More importantly, the combined sicircHIPK3 and agomir-7 group displayed less tumor volume and weight than that of si-circHIPK3 or agomir-7 alone (Fig. 6a) . Likewise, miR-7 overexpression or circHIPK3 knockdown significantly decreased the expression of miR-7 targeting proto-oncogenes (FAK, IGF1R, EGFR, YY1) both at the mRNA and protein levels, and the combined group exhibited less expression of these oncogenes ( Supplementary Fig. 2a, b) . IHC analysis also showed that decreased Ki67, MMP9-positive cells, and microvascular density, and increased cleaved caspase-3-positive cells in si-circHIPK3 + agomir-7 group compared with si-circHIPK3 or agomir-7 group alone (Fig. 6b) .
We also established the metastasis models through tailvein injecting HCT116 cells into nude mice (n = 8 for Fig. 6c , an average of 38 lung metastatic nodules per mice was observed in control group and 17, 19 were respectively observed in agomir-7
or si-circHIPK3 group, whereas only 6 were observed in the combined si-circHIPK3 and agomir-7 group. Overall, these data indicate that silencing of circHIPK3 suppresses 
Discussion
It is becoming increasingly clear that circRNAs have a crucial role in cancer development and progression and affect the hallmarks of cancer 28, 29 . However, their roles in CRC remain largely unknown. In this study, we found circHIPK3 was significantly upregulated in CRC, at least in part, due to c-Myb overexpression and increased circHIPK3 predicted poor prognosis. Mechanistically, ectopic expression of circHIPK3 could rescue the expression of miR-7 targeting oncogenes by sponging miR-7, thereby promoting CRC progression (Fig. 7) . Moreover, the combination of circHIPK3 knockdown and miR-7 overexpression gave a better tumor-suppressive effect both in vitro and in vivo than did circHIPK3 silencing or miR-7 Fig. 4 CircHIPK3 serves as a sponge for miR-7 in CRC cell lines. a Lysates from HCT116 and HT29 cells with circHIPK3 overexpression were subject to biotinylated-circHIPK3 pull-down assay and the expression levels of circHIPK3 were measured by qRT-PCR. b, c The expression levels of top ten candidate miRNAs predicted by CircNet database were quantified by qRT-PCR after the biotinylated-circHIPK3 pull-down assay in HCT116 and HT29 cells. d The biotinylated wild-type/mutant miR-7 was, respectively, transfected into HCT116 and HT29 cells with circHIPK3 overexpression. The expression levels of circHIPK3 were tested by qRT-PCR after streptavidin capture. e Luciferase activity in HCT116 and HT29 cells co-transfected with luciferase reporter containing circHIPK3 sequences with wild-type or mutated miR-7 binding sites and the mimics of miR-7 or control. f Fluorescence in situ hybridization assay was conducted to determine the co-location between circHIPK3 and miR-7. Scare bar = 20 μm. g qRT-PCR analysis of the expression of miR-7 in CRC tissues (n = 178). h qRT-PCR analysis of miR-7 expression in HCT116 and HT29 cell lines with circHIPK3 knockdown or overexpression. i The Pearson's correlation coefficients were used to evaluate the correlation between circHIPK3 and miR-7 in CRC tissues (n = 178) (r = −0.453, p < 0.001). Data were represented as means ± S.D. of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 reintroduction alone. Thus, our study demonstrate that co-expressing miR-7 along with a circHIPK3 inhibitor may be a promising treatment approach for patients with CRC.
Previous studies indicated the enrichment for circHIPK3 transcribed by c-Myb in diabetes mellitus 9, 19 . cMyb overexpression occurring in many malignancies, including CRC, often marks poor prognosis 30 . And c-Myb have a pivotal role in promoting cell proliferation, survival, and metastasis by activating various signaling pathways 31 . We evaluated whether proto-oncogene c-Myb also regulated circHIPK3 expression in CRC. Luciferase reporter assay displayed that overexpression of c-Myb promoted the transcription of circHIPK3, and ChIP-qPCR analysis further confirmed c-Myb could directly bind to circHIPK3 promoter region in CRC cells. These indicated that transcription factor c-Myb is an upstream regulator of circHIPK3 expression, which were consistent with the previous reports.
Emerging studies show that circRNAs are abundant in the human transcriptome 7, 15, 18 . In addition, circRNAs are more stable than other types of RNA because of their covalently closed structures. Therefore, circRNAs are more suitable as potential cancer biomarkers than other RNAs, such as miRNAs and lncRNAs, due to their abundance and stability. As expected, there are already many circRNAs recognized as cancer biomarkers. CiRS-7, circPVT1, circBRAF, circPRDM2, and circTCF25 was respectively identified to be a promising prognostic biomarker in colorectal cancer 6 , gastric cancer 5 , glioma 32 , hepatocellular carcinoma 33 , and bladder cancer 34 . Herein, we found circHIPK3 was frequently upregulated in CRC and patients with circHIPK3 high expression had significantly shorter overall survival than those with the low expression of circHIPK3, implying that circHIPK3 might be a promising prognostic biomarker in CRC.
Up to now, numerous studies have shown that circRNAs exerted various biological functions by acting as competing endogenous RNAs (ceRNAs) 13, 35, 36 . Analogously, circHIPK3 could promote cell growth by sponging miR-124 10 . However, Shan et al. 9 reported that circHIPK3 controlled diabetic proliferative retinopathy via sponging miR-30a, but not miR-124. Meanwhile, circHIPK3 was proposed to inhibit bladder cancer progression through sponging miR-558 11 . One likely explanation for these discrepancies is that circRNA have its biological roles in tissue/developmental-stage specific context 4 . Importantly, we identified that circHIPK3 could interact with miR-7 in CRC by biotinylated RNA pull-down and dual-luciferase reporter assays, which has not been reported by previous studies.
MiR-7, a well-known tumor suppressor, was proposed to participate in the development and progression of different types of human cancers 37 . In agreement with previous studies, our data indicated that miR-7 overexpression significantly inhibited CRC cells proliferation, migration, invasion and induced apoptosis, and these inhibitory effects were exceedingly similar to circHIPK3 silencing. Moreover, we found circHIPK3 could sponge endogenous miR-7 to sequester and reduce miR-7 activity, thus resulting in increasing the expression of miR-7 targeting oncogenes (FAK, IGF1R, EGFR, and YY1). FAK-a kinase regulated by cell-ECM interactions and known to be important for cellular migration, which promoted tumor invasion and metastasis by elevating the expression of VEGF, MMP2, and MMP9 38 . Wealth of studies confirmed that IGF1R and EGFR could respectively activate PI3K/AKT and MEK/ERK signaling pathways to promote cancer progression and drug resistance 39, 40 . And we also found that inhibition of circHIPK3 could reverse CRC cell resistance to EGFR inhibitor cetuximab (data not shown). Besides, YY1 was reported to promote cancer growth through inhibiting p53 and activating Wnt signaling pathways 40 . These oncogenes were frequently overexpressed in CRC and our data showed that circHIPK3 upregulated these protooncogenes expression to promote CRC progression, suggesting that circHIPK3 was an oncogene in CRC. Further studies will be required to investigate the role of circHIPK3 in other malignancies.
In summary, our findings provide robust evidence that c-Myb transcriptionally elevates circHIPK3 and circHIPK3 serves as a novel oncogenic circRNA by sponging miR-7, as well as a promising prognostic biomarker in CRC. Our data also suggest that targeting (see figure on previous page) Fig. 5 Overexpression of circHIPK3 effectively reverses miR-7-induced inhibition of CRC cells progression. HCT116 and HT29 cells transfected with miR-control, miR-7, circHIPK3, or miR-7 + circHIPK3. Then the ability of cell cloning, proliferation, migration and invasion was, respectively, assessed by colony formation assay (a), EdU assay (b), transwell migration (d), and matrigel invasion (e) assay. And cell apoptosis analysis was tested by flow cytometry with Annexin V-FITC/PI double staining (c). * vs control group, # vs mir-7 group. f qRT-PCR analysis of the expression of growth and metastasis-related miR-7 targets in HCT116 and HT29 cells with circHIPK3 knockdown or overexpression. * vs si-NC group, # vs vector group. g Western blot analysis of the protein expression of FAK, IGF1R, EGFR, and YY1 in fore-mentioned four groups in HCT116 and HT29 cells. Data were represented as means ± S.D. of at least three independent experiments. *p < 0.05, **p < 0.01; # p < 0.05, ## p < 0.01. Scare bar = 50 μm Fig. 6 CircHIPK3 silencing retards tumor progression and combined with miR-7 overexpression exhibits a magnifying effect on tumor repression in vivo. a The images of tumor-bearing nude mice from four treatment groups (n = 8 for each group) on the 35th day. Tumor volumes were monitored with digital calipers during the time course of five weeks, and tumor weights were also measured at the end of this study. Scare bar = 1 cm. b H&E staining for tissue morphology and IHC staining analysis of proliferation (Ki67), apoptosis (CC3,cleaved caspase-3), invasion (MMP9) and vasculature (CD34). Arrowheads denote blood vessels. Scare bar = 50 μm. c Representative images of lung metastatic nodules in four treatment groups (n = 8 for each group). Arrowheads denote the lung metastatic nodules stained by H&E. Scare bar = 50 μm. The corresponding statistical plots were presented in right panel. **p < 0.01 vs control group, ## p < 0.01 vs agomir-7 or si-circHIPK3 group the c-Myb/circHIPK3/miR-7 axis as a potential treatment strategy for fighting CRC.
Materials and methods

Cell cultures and patient tissues
Human normal colon epithelial cell (FHC) and colorectal cancer cell lines (HCT116, HT29, SW480, SW620, DLD1) were purchased from American Type Culture Collection (Manassas, VA, USA) and were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, Vienna, Austria). Cells in this medium were placed in a humidified atmosphere of 5% CO2 at 37°C. All cell lines were free of mycoplasma contamination.
The 178 samples of CRC and 40 adjacent normal formalin-fixed, paraffin-embedded (FFPE) tissues were obtained from patients during operation at Affiliated Nanjing First Hospital of Nanjing Medical University (Nanjing, China). The patient characteristics were showed in Table 1 . None of these patients received preoperative chemotherapy or radiotherapy. This study was approved by the ethics committee of Nanjing First Hospital and written informed consent was obtained from each patient.
Quantitative reverse transcription polymerase reaction (qRT-PCR)
Total RNA was extracted from tissues and cells by using TRIzol reagent (Invitrogen, CA, USA). For miRNA, the expression was determined by stem-loop primer SYBR Green quantitive real time-PCR (RiboBio, Guangzhou, China). For circRNA and mRNA, Total RNA was reverse transcribed to cDNA and then qPCR was conducted by using a SYBR Green PCR Kit (Takara, Otsu, Japan). All primer sequences were designed and synthesized by RiboBio (Guangzhou, China). GAPDH was chosen as the reference gene for circRNA and mRNA. U6 was chosen as an internal control for miRNA. Gene expression was quantified using the 2 −ΔΔCt method.
Actinomycin D and RNase R treatment
The culture medium was added to Actinomycin D (2 mg/ml) or DMSO (SigmaeAldrich, St. Louis, MO,USA) to assess the stability of circHIPK3 and its linear isoform. Total RNA (10 μg) was incubated with 40U RNase R (Epicentre Technologies, Madison, WI, USA) at 37°C for 60 min. After treatment with Actinomycin D and RNase R, the expression levels of HIPK3 and circHIPK3 were determined by qRT-PCR.
Oligonucleotide transfection
si-circHIPK3, si-c-Myb, miR-7 mimics, and their respective control oligonucleotides were synthesized by Gene-Pharma (Shanghai, China). Transfections were performed with final concentrations of 50 nM of miRNA mimics and siRNAs using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's protocol. Fig. 7 The schematic cartoon of the c-Myb/circHIPK3/miR-7 axis in CRC. In CRC, circHIPK3 is frequently upregulated partly caused by the transcription factor c-Myb overexpression, then circHIPK3 can sponge more endogenous miR-7 to sequester and inhibit miR-7 activity, thereby leading to increased proto-oncogenes (FAK, IGF1R, EGFR, and YY1) expression, which promoting CRC development and progression
Plasmids construction and stable transfection
The method of constructing stable circHIPK3 or c-Myb overexpression cell lines has been described in the previous study 11 . In brief, human circHIPK3 and c-Myb cDNA was synthesized and cloned into pcD-ciR and pcDNA3.1 vector (Geenseed Biotech, Guangzhou, China), respectively. Then, HCT116 and HT29 cells were transfected with these plasmids, followed by selected with G418.
Luciferase reporter assay
For the promoter of circHIPK3 luciferase reporter assay, the wild-type and mutant promoters of circHIPK3 were synthesized and inserted into pGL3-basic vectors (GeneCreat, Wuhan, China), then the pGL3-basic-circHIPK3-wt/mut vectors and pcDNA3.1-c-Myb vectors were cotransfected with pRL-TK into HCT116 and HT29 cells using Lipofectamine 2000 reagent. For circHIPK3 and miR-7 luciferase reporter assay, the circHIPK3 sequences containing wild-type or mutated miR-7 binding sites were respectively synthesized and inserted into pmirGLO luciferase vector (GeneCreat, Wuhan, China), and then co-transfected with miR-7 mimics into HCT116 and HT29 cell lines were accomplished using Lipofectamine 2000. Cells were harvested at 48 h after transfection and luciferase activity was detected by the dual-luciferase reporter assay system (Promega). Relative luciferase activity was normalized to the Renilla luciferase internal control.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was conducted using the ChIP Assay Kit (Beyotime, Shanghai, China) according to the manufacturer's guidelines with slight modifications. In brief, HCT116 and HT29 cells were treated with 1% formaldehyde for 10 min and quenched with 0.125 M glycine. Then the lysate was immunoprecipitated with anti-c-Myb (sc-74512, Santa Cruz) or normal mouse IgG antibody. Immunoprecipitated DNA was analyzed by qPCR.
Colony formation assay
Twenty-four hours after transfection, 500 HCT116 and HT29 cells were initially seeded into 6-well plates and cultured routinely for two weeks. Then the colonies were fixed with methanol for 10 min and stained with 0.1% crystal violet for 15 min at room temperature. Cell colonies were counted and photographed.
Cell counting kit-8 proliferation assay
The CCK8 assay was performed to assess CRC cells proliferative ability according to the manufacturer's instruction (Dojindo Laboratories, Kumamoto, Japan). HCT116 and HT29 cells (1 × 10 3 ) were plated in 96-well plates and treated with 10 μl of CCK8 solution, then the spectrophotometrically at 450 nM was analyzed by automatic microplate reader (Synergy4; BioTek, Winooski, VT, USA).
5-Ethynyl-20-deoxyuridine (EdU) incorporation assay
The EdU assay was performed with a Cell-Light EdU DNA Cell Proliferation Kit (RiboBio, Guangzhou, China) according to the manufacturer's protocol. After incubation with 50 mM EdU for 2 h, the HCT116 and HT29 cells were fixed in 4% paraformaldehyde and stained with Apollo Dye Solution for proliferating cells, followed by mounted with Hoechst 33342. Then the EdU-positive cells were photographed and counted under an Olympus FSX100 microscope (Olympus, Tokyo, Japan) in five randomly selected fields.
Apoptosis analysis
Cell apoptosis was analyzed using the Annexin V-FITC/ Propidium Iodide (PI) Apoptosis Detection Kit (BD Biosciences #556547) according to the manufacturer's instruction. HCT116 and HT29 cells were stained with FITC and PI and then analyzed by fluorescence-activated cell sorting using FACScan (BD Biosciences, San Jose, CA, USA). The cell apoptosis data were analyzed by Flowjo V10 software (Tree Star, San Francisco, CA, USA).
Transwell migration and invasion assays
The cell migration and invasion assays were conducted by using transwell chamber (Corning, NY, USA), which was coated with (invasion assay) or without (migration assay) the matrigel mix (BD Biosciences, San Jose, CA, USA) according to the manufacturer's protocol. After incubation for 24 h, the cells located on the upper surfaces of the transwell chambers were scraped with cotton swabs and the cells located on the lower surfaces were fixed with methanol for 10 min, followed by stained with crystal violet. Then the stained cells were photographed and counted in five randomly selected fields.
RNA fluorescence in situ hybridization
The RNA fluorescence in situ hybridization assay was performed by using Fluorescent In Situ Hybridization Kit (RiboBio, Guangzhou, China) according to the manufacturer's guidelines. And Cy3-labeled circHIPK3 probes and Dig-labeled locked nucleic acid miR-7 probes (RiboBio, Guangzhou, China) were measured by the Fluorescent In Situ Hybridization Kit, followed by visualized with a confocal microscopy.
Biotinylated RNA pull-down assay
The pull-down assay with biotinylated RNA was performed as described 11, 41 . In brief, for circHIPK3 pulled down miRNAs, the biotinylated-circHIPK3 probe was incubated with C-1 magnetic beads (Life Technologies, Carlsbad, CA, USA) to generate probe-coated beads, then incubated with sonicated HCT116 and HT29 cells at 4°C overnight, followed by eluted and qRT-PCR. For miR-7 pulled down circHIPK3, HCT116 and HT29 cells with circHIPK3 overexpression were transfected with biotinylated miR-7 mimics or mutant using Lipofectamine 2000. The cells were harvested, lysed, sonicated, and incubated with C-1 magnetic beads (Life Technologies, Carlsbad, CA, USA), followed by washed and qRT-PCR.
Western blotting
The HCT116 and HT29 cells were lysed in RIPA lysis buffer. Then, equal amounts of protein were resolved by SDS-PAGE analysis and electrotransferred onto a PVDF membrane (Millipore, Schwalbach, Germany), then blocked with 5% skim milk powder and incubated with primary antibody at 4°C overnight. The primary antibodies used were anti-FAK (#3285, Cell Signaling Technology), anti-IGF1R (#ab39675, Abcam), anti-EGFR (#4267, Cell Signaling Technology), anti-YY1 (#66281-1-Ig, Proteintech), anti-GAPDH (#ab181602, Abcam). Then the membranes were incubated with HRP-conjugated secondary antibody for 1 h at room temperature, the blots were visualized using an enhanced chemiluminescence kit (Pierce, Waltham, MA, USA).
Immunohistochemistry (IHC)
IHC was performed on formalin-fixed, paraffinembedded tissue sections as described previously 42 . Primary antibodies against Ki67 (#ab15580, Abcam), cleaved caspase-3 (#ab2302, Abcam), MMP9 (#ab38898, Abcam), and CD34 (#ab81289, Abcam) were used. The complex was visualized with DAB complex, and the nuclei were counterstained with haematoxylin. All sections were scored by the semi-quantitative H-score approach 42 and validated by two experienced pathologists.
Animal experiments
For xenograft tumor model, 5-week-old male BALB/c nude mice were randomly divided into four groups (n = 8 for each group). HCT116 (5 × 10 6 /0.2 ml PBS) cells were subcutaneously inoculated into the right flank of each nude mice. Tumor volumes were measured every 3 days with digital calipers and were calculated by the following formula: tumor volume = 1/2 (length × width 2 ). After 10 days, when the volume of the tumor reached about 100mm 3 , cholesterol-conjugated si-circHIPK3 alone, agomir-7 alone or both (10 nM) (Gene-Pharma, Shanghai, China) in 0.1 ml of saline buffer were locally injected into the tumor mass, respectively. The injections were performed seven times at an interval of two days between each injection (i.e., day 10, 12, 14…). Thirty-five days later, the mice were killed and the volume and weight of the tumors were measured. Then the tumor tissues were harvested for use in further hematoxylin and eosin (H&E) and IHC staining.
For metastasis assay, HCT116 (1 × 10 6 / 0.2 ml PBS) cells with corresponding treatment were tail-vein injected into 32 five-week-old male BALB/c nude mice which were randomly divided into six groups (n = 8 for each group). Seven weeks later, the mice were killed, and all the lungs are surgically removed and the number of macroscopically visible pulmonary metastases nodules per mouse was counted by two experienced pathologists. Then the lung tissues were fixed in 10% neutral phosphate-buffered formalin, followed by HE staining. The animal experiments were approved by the Animal Care Committee of Nanjing Medical College (acceptance no.: SYXK20160006).
Statistical analysis
Statistical analyses were performed using SPSS 22.0 (IBM, SPSS, Chicago, IL, USA) and figures were produced using GraphPad Prism 6.0 or Originpro.9.0. Differences between the different groups were tested using the Student's t-test or one-way ANOVA. Kaplan-Meier method was used to evaluate the survival rate and analyzed by logrank test. The correlations were analyzed using Pearson's correlation coefficients. The univariate and multivariate analyses were analyzed using Cox proportional hazards models. All experimental data were presented as the mean ± S.D. of at least three independent experiments. The differences were considered to be significant at p < 0.05.
